The cysteine protease dipeptidyl peptidase I (DPPI) activates granule-associated immune-cell serine proteases. The in vivo activator of DPPI itself is unknown; however, cathepsins L and S are candidates because they activate pro-DPPI in vitro. In this study, we tested whether cathepsins L and S activate pro-DPPI in vivo by characterizing DPPI activity and processing in cells lacking cathepsins L and S. DPPI activity, and the relative size and amounts of DPPI heavy and light chains, were identical in mast cells from wild-type and cathepsin L/S double-null mice. Furthermore, the activity of DPPIdependent chymase was preserved in tissues of cathepsin L/S double-null mice. These results show that neither cathepsin L nor S is required for activation of DPPI and suggest that one or more additional proteases is responsible.
The lysosomal cysteine protease dipeptidyl peptidase I (DPPI), also known as cathepsin C, has numerous biological functions. In addition to a proposed degradative role as a lysosomal exopeptidase, DPPI is essential for activating granule-associated serine proteases in cytoxic T-lymphocytes (granzymes), neutrophils (neutrophil elastase, cathepsin G, proteinase 3), and mast cells (chymase) (Pham and Ley, 1999; Wolters et al., 2001; Adkison et al., 2002) . The importance of serine protease activation by DPPI is illustrated in studies using DPPI -/-mice, which revealed that DPPI regulates inflammation in a collageninduced model of arthritis (Adkison et al., 2002) and survival from sepsis (Mallen-St. Clair et al., 2004) . In humans, loss-of-function defects in the DPPI gene cause Papillon-Lefè vre syndrome, which is clinically manifest as severe periodontitis and dermatitis (Hart et al., 1999; Toomes et al., 1999) .
DPPI is a structurally unique member of the C1 family of cysteine proteases because it exists as a tetramer and retains a portion of the pro-peptide in its active form (Dolenc et al., 1995; Wolters et al., 1998; Turk et al., 2001) . DPPI activation requires proteolytic cleavage at three sites: two in the pro-peptide and a third within the mature enzyme. In humans, these processing events generate a 163-aa heavy chain and a 68-aa light chain. Cleavage of the 206-aa pro-peptide releases an 87-aa fragment, leaving behind 119 amino acids of the N-terminal portion of pro-peptide termed the exclusion domain ) which partially blocks the active site, rendering the enzyme a dipeptidase .
The mechanisms of activation of many lysosomal cysteine proteases have yet to be defined in vivo. In vitro, several cathepsins (K, L, and S) are capable of autoactivation upon exposure to low pH (McQueney et al., 1997; Menard et al., 1998; Vasiljeva et al., 2005) . In contrast, studies using recombinant human pro-DPPI suggest that pro-DPPI cannot activate itself ). However, pro-DPPI can be activated in vitro by cathepsin L or S . To establish if these in vitro findings correspond to in vivo functions, we studied DPPI activation in C57BL/6 mice deficient in cathepsins L and S generated by crossing cathepsin L -/- (Potts et al., 2004 ) with cathepsin S -/- (Shi et al., 1999) mice. We used mast cells to study DPPI activation because they are an abundant source of DPPI (Wolters et al., 1998) and are convenient to derive in cell culture. First, we sought to determine if cathepsin L and cathepsin S are expressed in mast cells. RT-PCR of bone marrow mast cell (BMMC) RNA using specific primer pairs for cathepsin L and cathepsin S generated single-band amplimers of the predicted sizes ( Figure 1A ). Primer specificity was demonstrated by the failure to generate amplimers on BMMC RNA obtained from cathepsin L/S -/-mice. However, RNA from these cells was intact, as primers specific for G3PDH produced an amplimer of the predicted size (data not shown).
To confirm cathepsin L and cathepsin S were translated into active proteins, we labeled the active site of lysosomal cysteine proteases in mast cells with the w 125 Ix-JPM-ethyl ester (Shi et al., 1992; Liu et al., 2006) and found that mouse BMMCs contain several active cathepsins, including cathepsins B, C, H, L and S ( Figure  1B ). The presence of each cathepsin was established by their characteristic size (Liu et al., 2006) on the autoradiogram and the absence of cathepsin L and cathepsin S bands in cathepsin L/S -/-BMMC lysates. Next, we compared DPPI and chymase activities in lysates of BMMCs from cathepsin L/S q/q and cathepsin L/S -/-mice. Previous results from our laboratory demonstrated that DPPI is essential for activating mast-cell chy- Mast cells were cultured from mouse bone marrow in 50% WEHI-3B-conditioned medium as described by Razin et al. (1984) . (A) RT-PCR for cathepsin L and cathepsin S produced amplimers of predicted size on total RNA harvested from wildtype (WT) but not cathepsin L/S -/-BMMCs. Total RNA was isolated from cathepsin L/S q/q or cathepsin L/S -/-BMMCs using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA), and then reverse-transcribed into single-stranded cDNA using Superscript II reverse transcriptase (BD Biosciences, Palo Alto, CA, USA) and oligo dT primers. Cathepsin L and S transcripts in this cDNA were detected by PCR using the following primers: cathepsin L: forward, 59-GTT GTG TGA CTC CTG TGA AG-39; reverse, 59-CTT GCT GCT ACA GTT GGG T-39; cathepsin S: forward, 59-CCA AGT GGG CAT GAA CG-39; reverse, 59-GCC AGT AAT CTT TGC CAT CAA G-39. Ix-JPM ethyl ester for 24 h at 378C as described by Liu et al. (2006) . Cells were washed twice with PBS, lysed in SDS-PAGE sample buffer, and labeled proteins were analyzed by 12% SDS-PAGE and autoradiography. BMMCs (20=10 6 ) were solubilized in 250 ml of lysis buffer (100 mM Na acetate, pH 5.0, 300 mM NaCl, 1 mM EDTA). DPPI activity was measured spectrophotometrically by monitoring hydrolysis of L-Ala-Ala-p-nitroanilide (Bachem, King of Prussia, PA, USA). Aliquots of 50 ml of cell lysates were incubated for 5 min in 500 ml of activation buffer (100 mM Na 2 HPO 4 buffer, 20 mM NaCl, 1 mM EDTA, 4 mM cysteine, pH 6), followed by the addition of 400 ml of substrate buffer (100 mM Na 2 HPO 4 , 20 mM NaCl, 1 mM EDTA, 125 mM L-Ala-Ala-p-nitroanilide, 1% dimethylsulfoxide, pH 6). Chymase activity was measured by the addition of 50 ml of cell lysate to 1 ml of 0.45 M TrisHCl (pH 8.0) containing 1 mM succinyl-L-Ala-Ala-Pro-Phe-p-nitroanilide (Sigma-Aldrich, St. Louis, MO, USA), 1.8 mM NaCl, and 1% dimethylsulfoxide. The release of free nitroaniline was measured spectrophotometrically at 410 nm for 5-10 min in all assays.
mase (Wolters et al., 2001 ) and that BMMCs lacking DPPI have no active DPPI or chymases (Table 1) . Thus, if cathepsin L or S is required for DPPI activation, we predicted that BMMCs from cathepsin L/S -/-mice would have no active DPPI or chymase. Instead, we found that cathepsin L/S -/-BMMCs contain levels of DPPI and chymase activity indistinguishable from those of cathepsin L/S q/q controls ( Table 1 ), indicating that cathepsin L and cathepsin S are not required for activation of DPPI in cultured BMMCs.
BMMCs are differentiated in vitro and do not fully reflect the phenotype of various mast-cell subtypes in vivo. Thus, it is possible that cathepsin L or S is required for DPPI activation in mast cell subtypes in vivo. DPPI is required for chymase activation (McCoy et al., 1988; Wolters et al., 2001) . Therefore, if cathepsin L and cathepsin S are essential for activating DPPI, cathepsin L/S -/-mice should recapitulate the DPPI -/-phenotype and lack chymase activity using the enzyme histochemical chloroacetate esterase stain (Wolters et al., 2001 ). To test this possibility, we examined sections of tongue, trachea, lung, spleen, stomach, and skin from cathepsin L/S -/-mice for chloroacetate esterase activity and found positive cells in all of these tissues, but not tissues obtained from DPPI -/-mice ( Figure 2 , and data not shown). Esterase-positive cells had a distribution, number and morphology typical for mast cells identified in wild-type mice (Wolters et al., 2001) . The presence of esterase activity in these tissues demonstrates that active chymase and, by extension, active DPPI are present in tissue mast cells of cathepsin L/S -/-mice. Finally, we investigated whether, despite maintaining activity, DPPI was processed at different sites in cathepsin L/S -/-mice. Normally, three proteolytic processing events, yielding a heavy chain, a light chain and an exclusion domain, are required for DPPI activation Turk et al., 2001) . If cathepsin L and cathepsin S were involved in processing, we predicted we would detect the absence or a change in the size of some or all of these domains in cathepsin L/S -/-BMMCs. To investigate these possibilities, we probed immunoblots of wild-type and cathepsin L/S -/-BMMC lysates with rabbit anti-bovine DPPI. Immunoblots showed that the antibody recognized both heavy and light chains of mouse DPPI (Figure 3) . Furthermore, the size of the heavy and light chains were the same in wild-type and cathepsin L/S -/-BMMC lysates, indicating they were processed to their expected size in the absence of cathepsins L and S.
Studies using recombinantly expressed cysteine proteases demonstrate that both cathepsins L and S acti- To detect active chymase in tissue sections, chloroacetate esterase histochemistry was performed as described by Leder (1979) . Samples of 10 mg of total protein from cell lysates obtained from
-/-BMMCs and purified dog DPPI were subjected to SDS-PAGE under reducing conditions and transferred to polyvinylidine difluoride membranes (Life Sciences Products, Boston, MA, USA). The membrane was washed with 50 mM Tris-HCl containing 0.5 M NaCl, 0.01% Tween-20 (TBS; pH 7.5), and incubated for 1 h in TBS containing either a 1:1000 dilution of rabbit anti-bovine DPPI (a gift from John Hoidal, University of Utah, Salt Lake City, USA) or monoclonal anti-b-actin antibody (Sigma-Aldrich). The membrane was then washed with TBS, incubated in TBS for 30 min containing a 1:2000 dilution of horseradish peroxidase-conjugated goat anti-rabbit IgG (New England Biolabs, Beverly, MA, USA) and washed again. Immunoreactivity was detected using the phototope-HRP detection kit (New England Biolabs). Note that bands of immunoreactive DPPI appear at similar sizes in both cathepsin L/S q/q and cathepsin L/S -/-BMMC lysates.
vate DPPI in vitro . In contrast, our data show that cathepsins L and S are not required for DPPI activation in vivo. Furthermore, given the evidence that DPPI is processed into appropriately sized heavy and light chains in the absence of cathepsins L and S, it is also unlikely that they secondarily process DPPI following activation by another protease. While these findings do not eliminate the possibility that cathepsin L or S participates in the activation of DPPI in vivo, they do suggest that, at minimum, other proteases activate DPPI and that there may be redundancy in the DPPI activation system. This redundancy would serve to ensure activation of DPPI and the proteases it activates to guarantee they maintain their activity and are able to participate in important biological processes (Pham and Ley, 1999; Wolters et al., 2001; Adkison et al., 2002) . The identity of the other protease(s) responsible for DPPI activation in vivo remains unknown. However, although we cannot rule out the possibility that BMMCs contain cathepsins at levels below the detection limit for the JPM label, in mast cells, the protease is unlikely to be a lysosomal cysteine protease because the only active cathepsins we detected in these cells are cathepsins B, C (DPPI), H, L, and S. Previous studies using recombinant DPPI demonstrated that DPPI cannot autoactivate itself in vitro . As discussed, cathepsins L and S are not required to activate DPPI. Cathepsin B will not likely activate DPPI because it is preferentially a carboxypeptidase (Turk et al., 1997) and does not activate pro-DPPI in vitro ). Finally, cathepsin H is an aminopeptidase and therefore is not likely to be capable of generating the endoproteolytic cleavages required for DPPI activation.
In summary, these data show that cathepsins L and S are not required for activation of DPPI and that another protease(s) must be involved. Identification of the specific peptidases involved in this processing step will be important for future understanding of the unique biochemistry of DPPI. Because previous reports suggested that DPPI plays a role in the pathophysiology of arthritis (Adkison et al., 2002) and sepsis (Mallen-St. Clair et al., 2004) , identification of DPPI activators may provide novel targets for treating these diseases.
